We continue the work of [Phys. Rev. D 72, 024001 (2005)] in which gravity is considered as the Goldstone realization of a spontaneously broken diffeomorphism group. We complete the discussion of the coset space Diff d; R=SO1; d ÿ 1 formed by the d-dimensional group of analytic diffeomorphisms and the Lorentz group. We find that this coset space is parametrized by coordinates, a metric, and an infinite tower of higher-spin or generalized connections. We then study effective actions for the corresponding symmetry breaking which gives mass to the higher spin connections. Our model predicts that gravity is modified at high energies by the exchange of massive higher spin particles.
I. INTRODUCTION
Gauge field theories have a long and successful history in elementary particle physics. As it is generally known, the starting point for gauging is the experimental observation of a conserved charge which, via Noether's theorem, is related to a rigid symmetry. In particular, a conserved energy-momentum current corresponds to the invariance under global space-time translations. Since energy momentum is the source of gravity, one expects the gravitational interaction to emerge from gauging the global translational symmetry. Indeed, general relativity (GR) can be derived by gauging the translational group as was first conclusively shown in [1] . The gauge status of gravity remains however rather subtle, see e.g. [2 -6] and many references therein.
In this paper we adopt the view that gauge theories of gravity describe only the low-energy effective, i.e. massless degrees of freedom of a more general gravitational theory featuring a spontaneously broken space-time symmetry. This view is based on a theorem in [7] which states that the gauge theory associated with a local group G loc can be obtained by the nonlinear realization of the corresponding infinite-parameter group G with the Poincaré group H being the vacuum stability group. The Minkowski metric ij is assumed to be given from the beginning. Mechanisms for the selection of the signature of the metric have been proposed in [8, 9] .
Let us illustrate the theorem for the case in which G loc is the local translational group Td in d dimensions. By construction, the group Td is locally isomorphic to the infinite-parameter group Diff d; R of analytic diffeomorphisms [10] . Then, according to the theorem of [7] , the (simplest) gauge theory of the translational group G loc Td, general relativity, can be derived by nonlinearly realizing G Diff d; R.
The key observation in the proof of this theorem is that the gauge potential of G loc , here the tetrad e i j , can be identified with a parameter of the coset space G=H. In fact, applying the nonlinear realization method [11] adapted to space-time groups [12 -15] , one finds that G=H is parametrized by the field h i j and an infinite tower of fields s ! i j 1 ...j s k (s > 1). The exponential of h i j , e j i e h i j transforms exactly as a tetrad [13] . The translational gauge potential thus arises as one of the Goldstone fields of a spontaneously broken diffeomorphism invariance.
This was first explicitly shown by Borisov and Ogievetsky [16] . These authors used the fact that the infinite-dimensional algebra of analytic diffeomorphisms can be represented as the closure of two finite-dimensional algebras [10] . This splitting, however, impeded the discussion of the remaining Goldstone fields s !. It was pointed out later in [7] that the fields s ! may acquire mass through a Higgs effect, leaving the tetrads as the only massless degrees of freedom. Since gauging translations only provides the tetrads but not the massive fields s !, the gauge principle leads to the correct low-energy effective theory, at least as long as the masses of s ! are high enough. However, if one takes the idea of a spontaneously broken diffeomorphism invariance seriously, the gravitational interaction will be modified at high energies by the exchange of massive fields s !. This paper is devoted to the study of these coset fields and the construction of a spontaneous symmetry-breaking mechanism [17] for the diffeomorphism group. (For brevity, we will refer to it as ''Higgs mechanism,'' although this terminology is unfair, see Refs. [17] .) To gain some insight into this Higgs mechanism, we first complete the nonlinear realization of Diff d; R studied in [16, 18, 19] by providing the complete transformation laws for all coset fields of Diff d;R=SO1;d ÿ 1. We find that the fields s ! naturally generalize the concept of a linear connection; the transformation law is inhomogeneous and contains the s 1th derivative of the diffeomorphism parameter " i x.
The nonlinear realization will also provide gauge transformations of the (linearized) form jk absorbs the metric h ij . This will give mass to each of the generalized connections s ! (s > 2) and 1 ! ijk . As the field with the lowest spin in the coset space, the metric remains massless.
In the second part of the paper we model the gravitational Higgs mechanism by concrete actions. We restrict here to find actions for the lowest two absorption processes given by Eqs. (1) and (2) for s 1, 2. We consider these models as describing only a part of the full Higgs mechanism for the complete diffeomorphism group which, in full generality, appears to be quite complex.
The first model we present describes the breaking of the linear group GLd; R Diff d; R down to the Lorentz group SO1; d ÿ 1. Here we assume that the generalized connections s ! with s > 2 have already been decoupled and we are left with a massless linear connection 1 ! i jk of an effective affine space-time. The breaking of the tangential group GLd; R will then be induced by the introduction of the metric as a Higgs field. This involves the absorption process (1) by which the symmetric part 1 ! 0 ijk of the connection acquires mass. The model is largely based on that given in [19] . There are two essential improvements: (i) We explicitly show that the Higgs mechanism leads to a massive spin-3 field associated with the totally symmetric field 1 ! 0 ijk . (ii) The field which was introduced in [19] as a kind of gravitational analog to the (so-called) Higgs particle plays now the role of an auxiliary field in the Singh-Hagen formulation [20] of the massive spin-3 field. We therefore do not predict a new Higgs particle.
The second model describes the absorption process (2) for s 2 by means of which the field 2 ! 0i j 1 j 2 k becomes massive. The model is along the lines of the so-called ''telescopic Higgs effect'' (see [21] and references therein), more recently also known as ''La Grande Bouffe'' [22] . Here we aim at the more modest goal of constructing the Stückelberg Lagrangian for the massive field 2 ! 0i j 1 j 2 k . In the last part of the paper, we discuss a possible relation between the coset fields s ! and higher spin connections as first introduced in the gauge formalism of higher spin fields in [23] . Note that a relation between the latter formalism and the nonlinear realization approach was recently pointed out in [24] . We also show that a space endowed with generalized connections satisfies the strong equivalence principle and is equivalent to a space-time with a velocity-dependent affine connection.
The paper is organized as follows. In Sec. II we study the coset space Diff d; R=SO1; d ÿ 1 by means of the nonlinear realization approach [11] . We also discuss the double role of Goldstone fields in gravity as absorber fields and fields which get absorbed by other Goldstone fields. In Sec. III we construct Higgs models which lead to a ultraviolet modification of general relativity. In Sec. IV we discuss a possible link between the generalized connections s ! and higher spin connections known from the literature. We also discuss the geometrical structure of a space-time equipped with generalized connections. We conclude in Sec. V with some final remarks and open questions.
II. NONLINEAR REALIZATION OF THE ANALYTIC DIFFEOMORPHISM GROUP
In this section we consider the (left) coset space Diff d; R=SO1; d ÿ 1 formed by the d-dimensional group of analytic diffeomorphisms Diff d; R and its stabilizing Lorentz subgroup SO1; d ÿ 1. We show that the coset space is parametrized by a coordinate field, a metric and an infinite tower of generalized connections.
A. Review on the diffeomorphism algebra
We begin by briefly reviewing the algebra of analytic diffeomorphisms. The diffeomorphism algebra is generated by an infinite tower of generators F The corresponding diffeomorphism algebra diff d; R is given by the commutation relations
where indices with a hat are omitted. We easily identify the Lorentz (sub)algebra (s > 1), respectively. As was shown in [18, 19] the parameters i transform as coordinates under the diffeomorphism group,
with " i the parameters of Diff d; R. As explained in detail in [19] , the breaking of translations makes the parameters of Diff d; R dependent on the coordinates i and turns the coset parameters into space-time dependent fields. For a recent discussion on the tight link between the coset fields i and space-time coordinates, see [5] .
The transformation behavior of the coset field h ij has been known since the very first publications on nonlinear realizations of space-time groups [12, 16] . It is usually given for the exponential
which transforms as a tetrad [16] . From now on we will be using Greek indices for the Minkowski metric and define a space-time metric, as usual, by
Finally, the field ! i jk associated with F 1jk i was shown to transform as a linear connection under the diffeomorphism group [18, 19] ,
Since ! i jk is symmetric in the indices j and k, there is no torsion.
So far not much attention has been paid to the fields s ! i j 1 ...j s k associated with the nonlinear generators F s with s > 1. These fields are completely symmetric in the lower s 1 indices, which is ultimately a consequence of the assumed commutativity of the coordinates of R d [19] . Using the general nonlinear realization technique [11] [12] [13] [14] [15] [16] , in App. A we compute the infinitesimal transformation law for the fields s ! i j 1 ...j s k . We obtain (10) is the tensor part of the transformation, while the first term in the second line shows the inhomogeneity which contains the s 1th derivative of the diffeomorphism parameter " i [18] . The finite form of the transformation law is given by
Upon substituting 0i i " i with " i small into (12) and redefining s ! ! ÿs 1! s !, we regain the infinitesimal transformation (10) .
A new feature of the generalized connections is the occurrence of additional terms in the transformation law (10) which are summarized in O sÿ1 !. By using a convenient bracket notation, in App. A we give an algorithm to compute the complete transformation s ! including all terms in O sÿ1 !. In general, these terms contain connections of lower spin. For instance, the transformation law for the connection
This term involves the ordinary linear connection ! i jk which has one index less than 2 ! i j 1 j 2 k . Generalized connections mix and cannot be considered independently from each other.
In App. C we decompose the fields s ! i j 1 ...j s k with respect to the general linear group and determine their spin content. We find that, unless further constraints are imposed, these fields describe several states of different spin, where the highest state possesses spin s 2. For instance, the highest component of a general linear connection ! i jk (s 1) has spin 3, see e.g. [3] . 1 This leads us to the presumption that the generalized connections s ! are related to higher spin connections. For the construction of actions, we will implicitly assume this relation. We will come back to the possible link with higher spin connections in Sec. IVA.
In Table I we summarize the parameters of the coset space G=H Diff d; R=SO1; d ÿ 1 and give their geometrical interpretation. We have shown that the fields i ,
jkl , etc. can be regarded as coordinates, metric, and an infinite tower of generalized connections, respectively. As we will see in Sec. III, most of these Goldstone bosons become massive though and decouple at low energies. Einstein gravity results as the appropriate low-energy effective theory of gravity.
As in [19] we define the space-time manifold M as that part of the coset space G=H which is spanned by the (global) translations. This part is parametrized by the coordinates i . If we wish to recover Einstein gravity at low energies, we need to have local Poincaré invariance in the tangent space of the manifold M. Local translational invariance is ensured by the diffeomorphism invariance of the manifold M, cf. Eq. (6). 2 Local Lorentz invariance is more subtle to see. Note that the vacuum stability group H Diff d; R is just the global Lorentz group. However, in the present nonlinear realization the group H induces local Lorentz transformations: Recall that in the transformation law for coset elements 2 G=H [11, 12] ,
the elements h 2 H depend nonlinearly on g 2 G and the coset parameters . Since global translations are broken, the group elements h depend, in particular, on the coordinates i , i.e. they are functions of i , h h i ; . . .. We can thus perform an independent Lorentz transformation at each space-time point.
C. The total nonlinear connection
Let us now turn to the total nonlinear connection oneform ÿ which can be expanded in the generators of G Diff d; R as
In order to find the coefficients # and ÿ 1 ... s (s > 1), we fix the stabilizing group to be H SO1; d ÿ 1 such that an element of the coset space G=H is parametrized by
The coefficients of the total nonlinear connection ÿ ÿ1 d are then given by the one-forms
1 ÿ
and for s > 3 by As spelled out in [19] , the coefficients # and 1 ÿ can be interpreted as the coframe and linear connection. Linear connections can also be obtained by the gauging of the linear group as first proposed in [26] and elaborated on in metric-affine gravity [3] , see also [27] . We observe that nonlinear realizations of Diff d; R provide an alternative derivation of the linear connection.
Note that it is not possible in the nonlinear realization approach to single out a single generalized connection (or a finite number of such connections). Assume we break only a single generator F s which gives rise to a single connection s !. Then, terms of higher order would be absent in Eqs. (10) and (20) . However, the stabilizing subgroup H is not closed in this case, since e.g. the commutator [F sÿ1 ,
The nonlinear generators F s (s > 1) can thus only be broken as a whole. This property is shared by the higher spin algebras, see e.g. [28] and references therein. 
D. Higgs phenomenon and double role of Goldstone fields in gravity
For the following it is useful to recall the Higgs phenomenon in elementary particle physics. For instance, in U1 gauge theory the gauge boson A (spin 1) becomes massive due to the absorption of a Goldstone scalar . Usually this is achieved by the U1 gauge transformation
turning the Goldstone field into the longitudinal mode of the massive gauge boson A 0 . In the coset realization under consideration, the gravitational analog of Eq. (21) is given by the coefficients of the total nonlinear connection ÿ. Equations (18)- (20) Recall that the coset part ÿ G=H of the total connection transforms homogeneously under the diffeomorphism group, while ÿ H is a true connection. 3 The coset fields s ! play a fascinating double role at the absorption process as can be seen by linearizing Eq. (20):
Here sÿ1 ! behaves as a genuine Goldstone field which gets absorbed by the field s !. The same field plays however a different role on the next lower level. Considering Eq. (22) for s ÿ 1 instead of s, we see that sÿ1 ! itself absorbs sÿ2 !. In this aspect it resembles more the characteristic behavior of a gauge boson.
The fact that in gravity Goldstone bosons can also take over the role of absorber fields is related to the ''inverse Higgs effect'' [29] , see also [30] for a recent review. Goldstone's theorem states that there is a massless mode for each broken symmetry. However, since some of the Goldstone bosons can become massive for spontaneously broken space-time groups [12] , the theorem gives only an upper bound on the number of massless Goldstone modes.
The standard example is the spontaneous breaking of the conformal group SO4; 2 down to the Poincaré group ISO(1, 3) [12, 30] . From the dimension of the coset space one would expect five massless Goldstone bosons, one corresponding to scale transformations and four corresponding to special conformal transformations. However, the special conformal parameter ' becomes massive by the absorption of the dilaton as can be seen from the total nonlinear connection component along the dilations
It is usually argued [29, 30] that one can set the part ÿ G=H of the total nonlinear connection ÿ to zero, ÿ G=H 0. This gives relations among the coset fields, which reduces the actual number of massless Goldstone fields. For instance, setting ÿ D 0 in the above example implies that 2' can be replaced by @ . Note however that ÿ G=H 0 should be interpreted as an effective equation, since one ignores all massive Goldstone bosons (' 0 in the above example). This constraint is justified only at energies much below the mass of these Goldstone bosons.
In the realization considered in this paper, the relation ÿ G=H 0 translates into s ÿ 0 (s > 1) and 1 ÿ 0. The constraint s ÿ 0 (s > 1) relates all the generalized Goldstone connections by
We have shown in [19] that by setting 1 ÿ 0, the affine connection 1 ÿ k becomes metric compatible, i.e. equivalent to the Christoffel connection. In this way all higher spin connections are given in terms of derivatives of the tetrad. We stress again that this is only true at low energies, where all higher spin fields are assumed to be decoupled.
III. HIGGS MECHANISM FOR GRAVITY
The spontaneous breaking of the diffeomorphism group down to the Lorentz group gives rise to an infinite tower of higher spin connections as well as to the metric. In this section we construct actions for some parts of the corresponding Higgs mechanism by which the higher spin connections get massive. Assuming their decoupling at low energies, general relativity results as the appropriate effective low-energy description of gravity.
A. The breaking of dilations and shear transformations
One part of the symmetry breaking of the diffeomorphism group is the spontaneous breaking of its linear subgroup GLd; R Diff d; R down to the Lorentz group SO1; d ÿ 1. In the following we propose a Higgs mechanism for this breaking which shows the occurrence of the metric as a Goldstone field in an affine space-time. The model is largely based on that of [19] . Previous Higgs models of the (special) linear group have been constructed in [31, 32] .
We begin by assuming that all higher spin connections have already been decoupled and we are left with a massless connection ÿ i jk of an effective affine space-time. This connection is considered as an independent dynamical variable and, in particular, does not depend on the existence of the metric. In this space-time the metric will be introduced as a Higgs field which breaks the linear group GLd; R in the tangent space. Recall from Sec. II B that the breaking of shear and dilation invariance leads to the metric as a Goldstone field.
We construct the Higgs sector as follows. In analogy to the complex scalar of U1 symmetry breaking, the breaking is induced by a (real) scalar field and a symmetric tensor ' ij . Under the Lorentz group the tensor ' ij decomposes into a scalar and a traceless symmetric tensorĥ ij (10 ! 1 9 in d 4),
The singlet has been introduced in analogy to the Higgs field in U1 symmetry breaking. . Similarly, the quantity is dimensionless, and so are ' ij and .
For later convenience, we also introduce another parametrization for ' ij , which is the analog of the polar parametrization for the complex scalar field in the U1 Higgs mechanism:
In order for both parametrizations (24) and (25) to define one and the same field ' ij , it is easy to see that the real, symmetric matrix h ij must satisfy one constraint. 4 In 
Note that this definition exactly reflects the symmetric part of the absorption equation (18) 
we observe that a general symmetric connection can be expressed in terms of the Christoffel connection ÿ fgi jk g ij and nonmetricity.
We can now write down a GLd; R invariant action for the fields ÿ i jk x, x, ' ij x and the descendant g ij x;ĥ ij x. However, it turns out to be more convenient to perform a change of variables by Eq. (27) , ÿ i jk x ! Q ijk x, and to construct instead an action for Q ijk x, x, ' ij x. Nonmetricity contains a totally symmetric partQ ijk Q ijk which can be viewed as representing a massless spin-3 field, if no mass terms are introduced for Q. We therefore have to construct an action for a massive spin-2 field ' ij (and a scalar ) in the background of a massless spin-3 fieldQ ijk .
We are not aware of any action that would consistently couple a massive spin-2 field to a massless spin-3 gauge field, but consistent nonlinear higher spin field equations have been constructed [33] , that involve an infinite tower of higher spin gauge fields.
Our point of view in the present work is to postulate the existence of an action in which all higher spin gauge fields would consistently interact, and focus only at particular sectors of this action. Then, those subsectors need not be separately consistent but must obey the requirement that, in the free limit, they should reduce to a positive sum of Singh-Hagen [20] and/or Fronsdal [34] actions. Clearly, as we already mentioned, the mechanism we are presenting here must be seen as a very small part of a complete Higgs mechanism involving the infinite number of Goldstone fields of the coset space Diff d; R=SO1; d ÿ 1.
The action S we propose is given by (32) and the effective potential
The (33) and similarly forQ ijk . Here r i is the covariant derivative constructed from the Christoffel connection ÿ For brevity, we omitted kinetic terms for the field Q ijk Q ijk ÿQ ijk .
Q ijk enters the Lagrangian via the covariant derivatives and is required for linear invariance. Linear invariant actions for all components of the nonmetricity can be found in [3] . Note that Q ijk is nonpropagating in d 4 if massless.
The potential V; ' ij has a minimum at
and is invariant in the Goldstone direction that parametrizes SLd;R=SO1;d ÿ 1. This can best be seen in the parametrization (25) in which V, upon rescaling 0 e ÿ , becomes identical to the potential of hybrid inflation [35] . Scale invariance is softly broken at energy scales of order of the parameter M and below (we assume m 2 M 2 ).
As in hybrid inflation, we assume that the dilaton field is slow-rolling and large at the beginning of the breaking. As long as the dilaton is larger than the critical value 2 c p M 2 = 0 , the field ' ij is trapped at ' ij 0. The effective mass squared of ' ij ,
becomes negative as soon as the value of falls below c , < c , at which point the vacuum becomes metastable. Then the field ' ij is not trapped at ' ij 0 anymore and rolls down the ''waterfall'' to its minimum v ' p=2 M at 0 0. In this way the breaking of scale invariance triggers the spontaneous breaking of the special linear group SLd; R GLd; R down to the Lorentz group.
Higgs phase and massive spin-3 fields
We now study the action (29) 
where the normalization is chosen such that ' 2 v 2 ' . . . . Substituting this into the potential V; ' ij , we observe that the Goldstone fieldĥ ij is indeed massless, whereas the Higgs-like field obtains a positive mass,
It is much simpler to work in the unitary gauge
in which the Goldstone bosonsĥ ij and are gauged away. This corresponds to the flat space limit g ij ij . In this gauge the Lagrangian in (29) reduces to
where dots denote additional mixed terms. [36] which is equivalent to the spin-3 Singh-Hagen Lagrangian [20] . The mass ofQ ijk is given by
The vacuum expectation value v ' p=2 M is a free parameter in the model and has to be determined by experiment. If we assume that our model is indeed related to hybrid inflation, we can make a rough estimation of the mass m Q M. It has been found [37] that the parameter M determined by the COBE normalization is roughly 10 15 -10 16 GeV. The development of the field is quite exciting. Since we introduced as a Higgs-like field, we would have expected it to be an independent massive scalar, just like the Higgs particle in elementary particle physics. Instead, the field turned out to be the auxiliary scalar required in the Singh-Hagen Lagrangian for a massive spin-3 field. We thus do not have an additional Higgs particle.
In the general parametrization (36), there are additional terms involving the Goldstone metric. Let us assume that m 2 Q is very high such thatQ ijk and decouple at low energies. In this decoupling limit, the Lagrangian in (29) effectively reduces to the linearized Einstein-Hilbert Lagrangian L F h ij with h ij ĥ ij 1 d ij . Gravity is thus effectively described by general relativity at the minimum of the potential. This shows explicitly that the condition Q ijk ÿD k g ij 1 ÿ ijk 0 imposed by the ''inverse Higgs effect'' is an effective equation.
B. Higgs mechanism for higher spin connections
In the previous section we proposed a full Higgs mechanism for the linear group including a symmetry-breaking potential. An essential part of the mechanism was the absorption process (I) of Sec. II D. A description of the breaking of the complete diffeomorphism group appears to be quite complex. We therefore aim at the more modest goal of modeling the absorption process (II) of Sec. II D for s 2 without giving a symmetry-breaking potential. This is along the lines of [21, 22, 38] which discuss a ''telescopic Higgs effect.'' The latter effect is briefly reviewed now.
Stü ckelberg formalism and the ''telescopic Higgs effect''
At the basis of the Stückelberg formalism lies the wellknown fact that Od ÿ 1, the little group for a massless particle in d 1 dimensions, is the same as the little group for a massive particle in a d-dimensional space-time. Consistent actions for massive particles can indeed be obtained by dimensional reduction of massless gaugeinvariant actions. The dimensionally reduced action is itself invariant under a set of gauge invariances which display a ''telescopic Higgs effect.'' For example, in the previous section we recovered the Singh-Hagen Lagrangian for a massive spin-3 field as resulting from the expression, in the unitary gauge, of a Lagrangian containing an appropriate symmetry-breaking potential V. This Lagrangian can also be obtained starting from Fronsdal 
Higher spin connections in the Stü ckelberg formulation
We now apply the Stückelberg formalism to model the absorption process (II) of Sec. II D. We begin by splitting Eq. (22) For simplicity, we restrict to s 2 in the following. Let us compare Eqs. (47) and (48) 
This shows that a massless representation [4, 0] has to absorb the massless representations [3, 0] , [2, 0] 48). This agrees with the fact that, in a full Higgs mechanism including a symmetry-breaking potential, the Goldstone bosons 1 k and T jk would be introduced inside a (tachyonic) Higgs field, i.e. as massive representations. At the minimum of the potential the Goldstone bosons condense and become massless. Note however that in the following we restrict to give the Stückelberg description of the massive representations which we consider as part of the full symmetry-breaking mechanism.
Stü ckelberg formulation of massive [3, 1] hook field
The Stückelberg formalism for the representation [4, 0] has been discussed in detail in [22] . 5 We therefore need to construct only a field equation for the representation [3, 1] which describes the absorption (48) for s 2.
Upon dimensional reduction T ijjkl x; y 1 2 p T ijjkl xe imy c:c:;
T ijjky x; y i 2 p C ijjk xe imy c:c:;
C ijjk x e imy c:c:;
T ijjyy x; y 1 2 p B ij xe imy c:c:;
B ij x e imy c:c:;
The descendant fields T ijjkl , S ijk , C ijjk , B ij , ij and X i are all real. The field T MNjPQ x; y has the following symmetries
while the descendant d-dimensional fields have the symmetries
The gauge transformations of the field T MNjPQ x; y are
where the gauge parameterK NjPQ x; y possesses the following symmetrieŝ
The 
Gauge transformations and field redefinitions
The d-dimensional gauge transformations of the descendant fields read
The field X i drops out of the action by doing the following field redefinitions
The redefined fields transform as
Performing the field redefinitions (50)-(54) is equivalent to going in the gauge
whose effect is to eliminate X i from the action. Of course we must have m Þ 0. There is no redefined field varying with respect to the gauge parameters a i and l. The next gauge-fixing condition that we choose is (m Þ 0)
which is equivalent to gauging B ij and ij away. Note that (55)-(57) are unaffected by this gauge-fixing condition. In terms of field redefinition, the gauge (59) translates as
As a result, the fields B 0 and 0 disappear from the action and we have
Obviously, the next gauge condition we impose is (m Þ 0)
which enables us to eliminate the (jk)-traceless part of P ijjk : S 00 ijk
since it can be seen that
In other words, we can gauge away S 00 ijk and C 00 ijjk (the two independent components of P ijjk ) except for the trace jk P ijjk which will remain in the action, playing the role of an auxiliary vector field V i that we need for the action of a massive [3, 1] field. At the level of the action, the gauge (60) translates as the field redefinition
This equation expresses the absorption (48). Then, at the end of all these field redefinitions which are the translation of the gauge-fixing conditions (58) 
Field equations
The field equations for a massless [3, 1] irreducible hook field T MNjRS in dimension (d 1) are [39, 40] (see also [41] in different symmetry conventions)
where F MNjAB is the kinetic tensor 
We can now decompose the above expression where the indices MNjAB take the values ijjab, iyjab, ijjyy, iyjyb, and iyjyy, respectively. We find
where F ijjab is the kinetic tensor for the field T ijjab . We now perform all the field redefinitions given in the previous section. The above field equations read
All together, these field equations imply
which are the field equations for a massive d-dimensional [3, 1] hook field. We thus derived the correct field redefinitions which express the absorption phenomenon by which a massless [3, 1] hook field becomes massive.
IV. GEOMETRICAL INTERPRETATION OF HIGHER SPIN CONNECTIONS
In Sec. II we found an infinite tower of generalized connections s ! parametrizing the coset space Diff 0 d; R=GLd; R associated with nonlinear coordinate transformations. In Sec. IVA we will relate them with higher spin connections known from the frame formalism of higher spin fields [23] . In particular, we derive some gauge invariance principle for the generalized connections which leads to a geometrical interpretation of higher spin connections. In Secs. IV B and IV C we then study the geometrical structure of a space-time equipped with higher spin connections.
A. Gauge transformations of higher spin connections
In the frame formalism for higher spin gauge fields in Minkowski space [23] Of course, similar gauge transformation formulas are also present in the metriclike formulation of higher spin gauge fields [34] (see also [42] ) and are crucial for the construction of consistent higher spin theories. Though nonlinear realizations are different from gauging, the group action on the coset fields is very similar to a gauge transformation [12] . We may exploit this similarity to derive a gauge transformation for the generalized connections s ! which is basically given by Eq. (62).
We begin by rewriting the defining equations of the nonlinear connection one-forms s ÿ. 
B. The strong equivalence principle
Gravity in a space-time equipped with generalized connections obeys the strong equivalence principle (SEP). The SEP states that gravitational interactions can be gauged away by an appropriate coordinate transformation. To see this, we prove that at each point P there exists a coordinate system such that
Let us choose P as the point of origin x i 0 (choose gauge i x i ) and perform the coordinate transformations
Substituting this into the transformation law (12), we obtain
If we choose the parameters "
..j s k j P 0 and, from this, s ÿ i j 1 ...j s k j P 0 for all s > 1. It is thus possible to find a coordinate system at a point P in which there is no gravitational force on a point particle, i.e.
x i j P 0 (SEP). All higher spin connections have been gauged away.
C. Velocity-dependent affine connection
There exists an interesting alternative view of a spacetime endowed with higher spin connections. This view is based on a geometrical object called N-connection (N for nonlinear). The concept of an N-connection N i j x; _ x was first introduced by É . Cartan [43] in his work on Finsler spaces, see [44] for a modern review. The N-connection is related to a velocity-dependent affine connection i jk x; _ x by
The affine connection i jk x; _ x can now be defined in terms of the higher spin connections s ÿ,
which transforms as required:
The inhomogeneity " i ;nk follows from the variation 1 ÿ, while the terms with s > 1 on the r.h.s. of (66) transform as (use
where only the indices n and k are symmetrized. Here terms involving the variations _ x i have cancelled s ÿ 1 terms in the tensor transformation of s ÿ (s > 1).
Physically, Eq. (66) means that a space-time equipped with higher spin connections is equivalent to a space-time with a velocity-dependent affine connection i jk x; _ x. The gravitational force on a test particle thus depends not only on the location of the particle, but also on its velocity similar as in a Finsler space. However, since i jk is not derived from any metric structure, this space-time is more general than a Finsler space.
D. Matter currents
We have not yet discussed the matter currents associated with the generalized connections. Here, we restrict ourselves to a few comments. A thorough discussion of the matter currents is beyond the scope of this paper.
Consider 
Here is the canonical energy-momentum current and
denotes currents which we will call hypermomentum currents of degree s. The currents s 1 ... s1 generalize the hypermomentum current 0 known from the metric-affine theory of gravity [3] . Hypermomentum is the sum of the spin current 
which, by construction, satisfy the algebra (3). Which are the matter fields carrying these currents? Representations of the Poincaré group carry only energy momentum and spin. In order to have also sources for hypermomentum, we would have to construct field equations for representations of the double covering of GLd; R or the diffeomorphism group Diff d; R. We briefly commented on this in [19] , Sec. IV A, see also [3] and references therein.
V. CONCLUSIONS
In this paper we discussed the higher spin Goldstone fields s ! i j 1 ...j s k of the spontaneous breaking of the group of analytic diffeomorphisms and its relevance for gravity. It is quite a challenge to construct a Higgs mechanism for the complete diffeomorphism group.
As a partial realization, we provided a Higgs mechanism for the breaking of its linear subgroup down to the Lorentz group. Our model predicts that gravity is modified at high energies by the exchange of a massive spin-3 field. This field was identified as the totally symmetric part of the nonmetricity field Q ijk . In [19] we suggested the name ''triton'' for the corresponding particle. The range of this additional spin-3 force is of order of the Compton wavelength c h=m Q c and appears to be extremely shortranged. The mass m Q of nonmetricity enters our model as a free parameter and has to be measured experimentally. Under the assumption that our model is related to hybrid inflation, we estimated m Q to be at 10 15 -10 16 GeV. Of course, one expects [7] all higher spin fields s ! to become massive due to a similar Higgs effect. To gain insight into the complexity of the Higgs effect, we therefore modeled also the absorption process for 2 ! i j 1 j 2 k adopting the Stückelberg formalism.
From the nonlinear realization discussion, it is clear that the complete symmetry breaking of the diffeomorphism group should provide a massless graviton and an infinite tower of massive higher spin particles. This particle spectrum reminds to that of string theory, but with the difference that here the fields acquire mass by a Higgs mechanism. It would be exciting to find a constraint in a generalization of our Higgs model to higher spin fields which constraints the corresponding particles to lie on Regge trajectories. ; etc:
In order to obtain the transformation behavior s ! i j 1 ...j s k , we substitute the above parametrizations into the nonlinear transformation law for elements of G=H given by [11, 12] g; ! 0 ; ! 0 h; ; !:
Solving for h; ; !, we get 
where
